Abstract. Apoptosis via endoplasmic reticulum (ER) stress has been reported in many cell lines. ER stress plays an important role in many liver diseases and caspase-12 is the central player in ER stress-induced apoptosis. We conducted an investigation to determine whether catalytic cleavage of caspase-12 mRNA by hammerhead ribozymes can protect liver cells from apoptosis induced by ER stress. Thapsigargin (TG) was used to induce primary mouse hepatocytes apoptosis to establish the experimental system of ER stressmediated apoptosis. The effective ribozyme-Rz138 selected in vitro was embedded in eukaryotic expression vector and transfected into cultured cells. The activity of Rz138 in primary mouse hepatocytes was determined by testing the expression of caspase-12 mRNA and procaspase-12 protein in ribozyme treated cells compared with the control. The anti-apoptotic effect was assayed by the nuclear morphological features of primary mouse hepatocytes stained with Hoechst 33258 under the fluorescence microscope. Primary mouse hepatocytes were incubated with 4 μmol/l TG, the percentage of apoptotic cells increased along with the treatment time, obvious apoptosis was observed after 4 μmol/l TG treatment for 30 h. Expression of caspase-12 mRNA and procaspase-12 protein were decreased significantly in hepatocytes transfected with pRz138 compared with those untransfected. The percentage of apoptotic cells was also decreased in pRz138 treated cells measured by staining with Hoechst 33258. Rz138, as a specific inhibitor of caspase-12 can down-regulate the expression of caspase-12 in primary mouse hepatocytes and protect the cells from apoptosis induced by TG. These results further elucidated the new treatment for diseases associated with ER stress-mediated apoptosis.
Introduction
Apoptosis was originally used to describe a unique type of cell death that exhibits a distinct set of morphological and biological changes, including cytoplasmic membrane blebbing, nuclear condensation, and fragmentation of chromosomal DNA. It is a crucial biological process for the development and homeostasis of all multicellular organisms (1) . Activation of death receptors and mitochondrial damage are welldescribed common apoptosis pathways. Apoptosis via endoplasmic reticulum (ER) stress has been reported in many cell types (2) (3) (4) (5) (6) . ER stress plays an important role in many liver diseases including non-alcoholic steatohepatitis, cholestasis and alcohol-induced liver disease. The pathogenesis of chronic HBV and HCV infection may also be associated with ER stress (7) (8) (9) (10) (11) (12) (13) .
ER is a principal site for protein synthesis and folding and also serves as a cellular storage site for calcium. Perturbation of Ca 2+ homeostasis, increased production of free radicals, inhibition of protein glycosylation, and accumulation of misfolded proteins in the ER can all elicit cellular stress responses, particularly ER stress signals. A variety of agents, including calcium ionophore, inhibitors of glycosylation, toxin, and oxidative stress can induce ER stress and lead to cell death (14, 15 Ribozyme-mediated inhibition of caspase-12 activity reduces apoptosis induced by endoplasmic reticulum stress in primary mouse hepatocytes triphosphatase inhibitor and disrupts intracellular calcium homeostasis. TG has been used to establish experimental systems of ER stress mediated apoptosis in many studies (16) (17) (18) (19) . The caspase family of proteases is considered the central player in all apoptotic events in mammals. As with many other cellular proteases, all caspases are first synthesized as inactive pro-enzymes that can be activated upon apoptotic stimulation. It is believed that apoptosis was resulted from the proteolysis of various cellular components initiated by activated caspases (20, 21) . Studies have revealed that caspase-12 is the central player in ER stress-mediated apoptosis. Caspase-12-/-cells were more resistant to ER stress-induced apoptosis. It has been demonstrated in many cell lines that selective down-regulation of caspase-3 by ribozyme can protect cells against apoptosis and caspase-12 was the upper activator of caspase-3 in ER stress-mediated apoptosis (2, (22) (23) (24) (25) . Catalytic cleavage of caspase-12 mRNA may protect liver cells from apoptosis induced by ER stress.
Hammerhead ribozyme can sequence-specifically cleave target mRNA at a nucleotide phosphodiester bond resulting in two fragments, one bearing a 5'-OH, and the other a nucleoside 2', 3'-cyclic phosphate. Divalent metal ions are essential for optimal catalytic activity, and as a general rule, substrate cleavage specificity is defined by an NUX triplet, where N can be any nucleotide and X can be A, U or C, but not G (26) . It is simple in structure with high turnover in cleavage reaction and has been widely used to inhibit endogenous gene expression of basic biochemical pathways such as angiogenesis and apoptosis. It is the first ribozyme to be approved for use in clinical trial (27, 28) .
In the present study, TG-induced ER stress model of apoptosis in primary mouse hepatocytes was established. Rz138 was selected as an effective caspase-12 inhibitor in our previous study through in vitro cleavage reaction (29) . Rz138 was embedded in eukaryotic expression vector and transfected into primary mouse hepatocytes to testify its activity on caspase-12 expression and effect on ER stressmediated apoptosis.
Materials and methods
Isolation and culture of primary mouse hepatocytes. Primary hepatocytes were isolated from 6 to 8 week-old male Balb/c mice (purchased from the Center of Animal Laboratory, SIBS, CAS) by the 2-step collagenase hepatic portal perfusion technique established by Klaunig (30) with modification. In brief, after the mouse was anaesthetized with diethyl ether, a midline laparotomy was performed. The portal vein was cannulated and perfused at a flow rate of 15 ml/min, first with calcium and magnesium free Hanks balanced salt solution (HBSS) maintained at 37˚C containing 0.5 mmol ethylene glycol-bis-(b-aminoethyl) N, N9-tetraacetic acid (EGTA) and 0.05 mol N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid (HEPES, pH 7.35) for 3 min. Then perfused with HBSS containing 0.05% collagenase for hepatocytes isolation. The Hanks' and collagenase solutions were allowed to run as waste through a cut made in the subhepatic inferior vena cava. Hepatocytes were removed by mechanical dissociation with fine forceps in ice cooled medium, filtered through sterile 100 μm stainless steel mesh to remove tissue debris, cell suspension was purified by differential centrifugation using 45% percoll (500 rpm 10 min) and washed three times by centrifugation at 500 rpm for 1 min at 4˚C in PBS. Hepatocytes viability consistently exceeded 97% shown by 0.3% trypan blue exclusion.
Cells were plated at a density of 1.5-3x10 5 cells/ml in 6-well plates and cultured in Dulbecco Modified Eagle's Medium (DMEM)(Life Technology, USA) containing 10% v/v fetal bovine serum (Invitrogen), 3 mmol L-glutamine (Life Technology), HGF 10 ng/ml, dexamethasone 10 μmol/l, insulin 5 μg/ml, 50 U/ml penicillin and 50 μg/ml streptomycin in a humidified 5% CO 2 incubator at 37˚C. The medium was changed the following day and every 2 days thereafter.
Plasmids construction. The hammerhead ribozymes were designed according to the computer software compiled by Professor Chen Nong-An (Shanghai Institute of Biochemistry of the Chinese Academy of Science). The specificity of ribozymes for caspase-12 was determined by Blastn analysis of all the mouse gene sequences currently in GeneBank of NCBI. Thus, the ribozyme is specific for caspase-12 alone theoretically, and has no effect on other mouse genes. The gene sequences of Rz138 are shown in Table I . It was reported that G5 to A alteration in the catalytic core of hammerhead ribozyme would generate inactive ribozyme (31) (32) (33) . As many studies have demonstrated that inactive mutant ribozymes have no cleavage activity (34-36), we preferred to use ribozyme without mutant in the present study.
The synthesized oligonucleotides encoding ribozymes were annealed after heating to 95˚C for 5 min followed by slow cooling to room temperature. The double-stranded DNA with 5' XbaI and 3' BamHI cohesive ends, was cloned into the equivalent restriction sites of neorpBSKU6 plasmid and embedded in U6 SnRNA context containing U6 SnRNA promoter/enhancer and terminator. For further measurement of transfection efficiency, the selected ribozyme in vitro with the U6 sequence alongside was reconstructed into pEGFP-C1 vector (Clontech) with reporter gene, the newly constructed plasmid confirmed by sequencing was named pRz138 (29) .
Detection of apoptosis in primary mouse hepatocytes induced by TG. After 4 days of isolation the culture medium was replaced with DMEM supplemented with 2 μmol/l or 4 μmol/l TG for 18, 24, 30 and 48 h to induce ER stress-mediated apoptosis.
The cells were examined daily for morphological changes using a phase-contrast microscope. DNA was extracted using an easy DNA kit (Invitrogen). Purified DNA was resolved by electrophoresis on 1.6% agarose gels containing 0.5 μg/ml ethidium bromide, and visualized by ultraviolet illumination to detect DNA fragmentation.
Cells started on treatment with TG at different time points were harvested by trypsinization for 1 min at 37˚C and stained with Annexin V-FITC conjugated with PI, then measured using flow cytometry. This assay was conducted according to the manufacturer's instructions (BD Biosciences).
Western blot analysis. Cells were collected at the time point and resuspended in 1% Triton X-100 supplemented with a complete protease inhibitor cocktail (Boehringer Mannheim, Germany). Cell lysates were centrifuged at 13,000 rpm for 30 min at 4˚C, the supernatants were collected and stored at -70˚C. Protein concentrations were determined using BCA protein assay kit (Pierce, Rockford).
Protein (15μg) of each sample in loading buffer was boiled for 4 min, cooled in ice, then separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) using a 10% running gel with a 5% stacking gel at 100 V for 150 min. Pre-stained molecular weight markers were used as standards. Proteins were transferred from the polyacrylamide gel to the nitrocellulose membrane by electro-blotting for 100 min in transfer buffer at a constant setting of 100 V. Blots were blocked with 5% non-fat dry milk in phosphate buffered saline, pH 7.6, with 0.1% Tween-20 buffer and then incubated with anti-caspase-12 antibody (Exalpha Biologicals, 1:1000) (16) . Immunoreactivity was detected by the sequential incubation of horseradish peroxidase-conjugated secondary antibodies (Amersham Biosciences, 1:2000), and specific complexes were detected with the enhanced chemiluminescence (ECL) system (Amersham Life Science). Adjustment of protein loading onto gels was performed by re-probing with anti-ß-actin (Sigma; 1:5000). The density of bands was measured using Touching 2000 image analysis software.
Transfection of plasmids and induction of apoptosis in primary mouse hepatocytes. After isolation for 3 days, cells cultured in 6-well plates grew to 90% confluent before transfection. Each well was transfected with 4 μg plasmid by Lipofectamine™ 2000 reagent (Invitrogen) using serum and antibiotic-free medium according to the manufacturer's instruction. Transfection efficiency was checked by observing green fluorescent protein (GFP) expressing cells under the fluorescence microscope. Cells transfected with pRz138, pEGFP-C1 and those untransfected were all incubated with 4 μmol/l TG to induce ER stress mediated apoptosis.
Ribozyme activity in primary mouse hepatocytes. To assess the functional activity of Rz138, semi-quantitative reverse transcription (RT)-PCR and Western blot analysis were used to demonstrate the ability of the ribozyme to down-regulate caspase-12 expression in cells. Total RNA of primary mouse hepatocytes transfected with pRz138, untransfected control and those transfected with pEGFP-C1 plasmid without ribozyme embedding, were obtained using a TRIzol kit (Promega). The ß-actin was used as an internal control. The primers for caspase-12 were 5'-AGG ATG ATG GAC CTC AGA AG -3' (forward) and 5'-TCT CAG ACT CCG ACA GTT AG -3' (reverse). Primers for ß-actin were 5'-CTA CAA TGA GCT GCG TGT GG-3' (forward) and 5'-CGG TCA GGA TCT TCA TGA GG-3' (reverse). The amplified DNA fragments were 587 bp (nt308-nt894) for caspase-12 mRNA, and 311 bp (nt350-nt663) for ß-actin mRNA. RT-PCR were carried out using 1.0 μg total RNA as templates and a one step RT-PCR kit (Takara) for 32 PCR cycles according to the instruction, the annealing temperature was 56˚C. After electrophoresis on 1.6% agarose gels containing 0.5 μg/ml ethidium bromide, bands were analyzed by densitometry using Touching 2000 image analysis software. Procaspase-12 and ß-actin proteins were obtained and analyzed as mentioned above.
Measurement of apoptosis in pRz138 transfected primary mouse hepatocytes. After plasmid transfection for 48 h and 30 h TG induction, floating and attached cells were stained with Hoechst 33258 in PBS (2 μg/ml) for 10 min at 37˚C, incubated in the dark. The nuclear morphology was observed using an Olympus fluorescence microscope. The number of apoptotic cells was calculated as a percentage of the total population.
Results
Apoptosis induction and caspase-12 processing. The optimal TG concentration for inducing cell apoptosis was determined by the detection of DNA fragmentation and flow cytometry analysis. Treatment with 4 μmol/l TG for 30 h was chosen as the concentration and time for inducing primary mouse hepatocytes apoptosis. Procaspase-12 processing during different incubation time was monitored using Western blot analysis.
In combination with the morphological changes, chromosomal DNA fragmentation is a hallmark of apoptotic Table I . Gene sequence of hammerhead ribozyme 138. ----------------------------------------------------------------------------------------------------- cell death (37) . As shown in Fig. 1 , DNA fragmentation of primary mouse hepatocytes exposed to 4 μmol/l TG can be detected earlier than those exposed to 2 μmol/l TG. The 'DNA ladder' was already obvious when treated with 4 μmol/l TG for 30 h.
Cells treated with 4 μmol/l TG at different time points were harvested and stained with fluorescein isothiocyanate (FITC)-labeled annexin V and propidium iodide (PI), then measured by flow cytometry. Annexin V binds to phosphatidylserine (PS) that is translocated during apoptosis from the inner to the outer leaflet of the cell membrane. Live cells with intact membranes are distinguished by their ability to exclude PI. Dual analysis was introduced using a quadrant dot blot, cells that stained negative for annexin V-FITC and PI were classified as live cells. 'Early apoptotic cells' were annexin V-FITC-positive only, and cells recognized as double-positive for annexin V-FITC and PI were considered late stage apoptosis or secondary necrosis (38, 39) . The percentage of apoptotic cells increased in a time-dependent manner during TG induction. Without TG induction, 9.6% cells underwent apoptosis, exposure to 4 μmol/l TG for 24 h, 41.2% cells underwent apoptosis, 4 μmol/l TG incubation for 48 h, 51.4% cells were in late stage of apoptosis/secondary necrosis. It suggests that treatment with 4 μmol/l TG for 30 h, 50% cells will undergo apoptosis. The results were consistent with those exhibited by DNA fragment detection (Fig. 2) .
Treatment of cells with TG resulted in significant processing of procaspase-12. Western blot analysis showed at least a 70% reduction in the decline of procaspase-12 in a time-dependent manner during 4 μmol/l TG treatment for 48 h. These observations confirmed that procaspase-12 was activated through TG incubation and correlated with the appearance of morphological features of apoptosis (Fig. 3) .
Transfection efficiency of pRz138. Productive transfection was checked by observing green fluorescent protein (GFP) expressing cells under fluorescence microscope. The transfection efficiency was determined by calculating the GFP expressing cells in the whole population. The data showed that 47.7% of the cells were pRz138 positive after 3 days of transfection and 30 h incubation with 4 μmol/l TG (Fig. 4) .
pRz138 inhibits the expression of caspase-12 in primary mouse
hepatocytes. Hepatocytes transfected with pRz138, pEGFP-C1 and those untransfected were all exposed to 4 μmol/l TG for 30 h after transfection for 2 days. Total RNA extraction and RT-PCR were carried out as mentioned above, after electrophoresis and staining with ethidium bromide, the bands were quantified by densitometry. This showed that the level of caspase-12 mRNA in pRz138 transfected cells was decreased 37.8% compared with the untransfected control, while pEGFP-C1 have no obvious effect.
For Western blot analysis, the bands on the X-ray film were also quantified by densitometry. The ß-actin was measured as an internal control. The results showed that the level of procaspase-12 protein was decreased 43.5% in pRz138 transfected cells compared with the untransfected control, pEGFP-C1 has no obvious effect.
In conclusion, transfection with pRz138 can significantly inhibit the expression of caspase-12 in primary mouse hepatocytes induced by TG compared with the untransfected control and those transfected with pEGFP-C1 plasmid without Rz138 embedded (Fig. 5) .
pRz138 reduces TG-induced primary mouse hepatocytes apoptosis. We chose Hoechst staining to evaluate the antiapoptotic effect of pRz138. Stained with Hoechst 33258 the healthy cell had an oval-shaped body, its chromatin occupied the majority of the cell body volume and it was stained dimly. The chromatin of an apoptotic cell was condensed and intensely stained. Cells were counted in 10 random fields of each sample. With primary mouse hepatocytes cultured for 6 days without TG induction and pRz138 transfection, the percentage of apoptotic cells was 12.7%. With cells of the same cultured condition in additional 4 μmol/l TG induction for 30 h, the amount of attached cells decreased significantly and 54.5% cells underwent apoptosis, while in cells transfected with pRz138, the percentage of apoptotic cells was 33.8% (Fig. 6 ). Transfection with pRz138 protected primary mouse hepatocytes from apoptosis induced by TG compared with TG treatment alone. Statistical significance was evaluated using paired Student's t-test (P<0.01).
Discussion
ER stress constitutes a physiological as well as pathophysiological stress stimulus, it can be provoked by a variety of pathophysiological conditions, such as ischemia, viral infection, or mutations that impair protein folding and has been implicated as an initiator or contributing factor in numerous diseases, including Alzheimer's disease, Parkinson's disease, and type 2 diabetes, ER stress also plays an important role in liver cirrhosis and many other liver diseases (40, 41) . The ER stress response can promote cellular repair and sustain survival by reducing the load of unfolded proteins through global attenuation of protein synthesis and/or up-regulation of chaperones, enzymes, and structural components of the ER (42) . When ER stress is overwhelming, cells undergo apoptosis. This was initially reported to be mediated by caspase-12 which primarily associated with the ER membranes (2). Caspase-12 has been shown to be activated by cytotoxic agents, ischemic insult, viral infection and in models of neurodegenerative diseases (24, 43, 44) . Activation of caspases is a central mechanism in the apoptotic cell death process. The caspase family involved in apoptosis is broadly divided into two groups: initiator caspases (caspase-8,-9,-12) and effector caspases (caspase-3,-6,-7). Initiator caspases undergo auto-processing for activation in response to apoptotic stimuli. Active initiator caspases in turn process precursors of the effector caspases responsible for dismantling cellular structures and proteins (45) . Activation of caspase-12 from procaspase-12 is specifically induced by insult to the endoplasmic reticulum. Caspase-12 is ubiquitously expressed in mouse tissue, it is expressed at high levels in the muscle, liver and kidney, and at a moderate level in the brain (2) . It is also expressed in many human cell lines. Active caspase-12 cleaves and activates procaspase-9, the activated caspase-9 catalyzes procaspase-3, then ER stress triggers a specific apoptotic cascade involving caspase-12, 9 and 3 (2, 46) . Caspases are central to normal programmed cell death and injury-dependent apoptosis, so any therapy that manipulates caspase activity must take into account the possible effects on tissue homeostasis. In this regard, caspase-12 appears to have a strong advantage as a target over other caspases. In contrast to other caspase knockout, caspase-12 deficient mice have no noticeable developmental or behavioral defects, and have a normal incidence of tumors. Thus, caspase-12 is probably not essential in normal developmental death or tumorigenesis (46, 47) . Combined with that caspase-12-/-cells are more resistant to ER stressinduced apoptotic signals than caspase-12+/-cells, and caspase-12 null mice are resistant to the toxic effects of ER stress (2, 46) . It will be a promising potential target for inhibition of ER stress mediated cell apoptosis with few side effects.
Today, many nucleic acid enzymes are used in gene therapy and gene regulation. The trans-acting ribozymes recognize their RNA substrates via formation of WatsonCrick base pairs, and they cleave these RNAs in a sequencespecific manner. The activity of hammerhead ribozyme was significantly higher than that of all the other ribozymes in vitro (48) . In the present study, we designed and synthesized hammerhead ribozymes against caspase-12 mRNA under the control of a U6 snRNA promoter. The U6 SnRNA Pol III transcripts were normally retained in the nucleus and expressed at high levels, transcripts were protected at their 3'-ends and Rev-binding RNAs and had certain advantages (49) . It is a strong promoter for the expression of small RNAs in vivo. Transcription by RNA polymerase III is easily stopped by a string of Us, leaving the transcripts uncapped and untailed and the transcribed ribozyme RNAs do not interfere with productive annealing to the target (23) .
The transfection efficiency was a crucial matter for delivery of gene therapy. Watanabe et al (50) have reported that cation liposomes induced highly efficient transfection into primary cultured mouse hepatocytes compared with DEAE-dextran, calcium phosphate and cation multilamellar liposomes, the highest transfection rate achieved more than 60% of the total cells and remained at a high level from 6 to 48 h after the start of incubation. Our study attained an average 47.7% of transfection efficiency. However, for a better understanding of pRz138's function in cultured cells, the transfection efficiency still needs to be improved.
The RT-PCR and Western blot results showed that as a specific inhibitor of caspase-12, Rz138 can down-regulate the expression of caspase-12 in primary mouse hepatocytes.
We assessed and quantified the anti-apoptosis effect of pRz138 by Hoechst 33258 assay. Staining with Hoechst 33258 has been used to identify specific apoptotic features, and it was reported that the staining pattern observed with this method was similar to that produced by TUNEL, indicating that both techniques may provide a similar estimate of apoptosis (51) . Our results showed that Rz138 had significant activity in cultured cells and it can partly protect primary mouse hepatocytes from apoptosis induced by TG. Cell viability as evaluated by MTT assay also indicated that transfection with pRz138 increased the number of viable cells in TG induced cells compared with TG treatment alone (data not shown). We did not expect 100% inhibition in our transient expression assays because a) not all the cells were transfected by the plasmids, b) many protein factors are involved in living cells which will disturb the ribozyme to cleave target mRNAs, c) ribozyme and substrate will not stay in the same subcellular location as expected, and d) other apoptotic pathways may be involved in TG-induced apoptosis.
In conclusion, TG induced the degradation of caspase-12 and cell apoptosis; Rz138 can down-regulate caspase-12 expression in primary mouse hepatocytes and can protect the cells from ER stress induced apoptosis. These results suggest that Rz138 has the potential to be a promising caspase-12 inhibitor in treating diseases associated with excessive ER stress.
It was reported recently that the deletion of caspase-12 renders animals resistant to sepsis and enhances bacterial clearance (52) . It will be very useful to test whether Rz138 also has potential in treating severe bacterial infection through cleavage of caspase-12 mRNA.
